Anthropogenic noise is a global pollutant, affecting animals across taxa. However, how noise pollution affects resource acquisition is unknown. Hermit crabs (Pagurus bernhardus) engage in detailed assessment and decision-making when selecting a critical resource, their shell; this is crucial as individuals in poor shells suffer lower reproductive success and higher mortality. We experimentally exposed hermit crabs to anthropogenic noise during shell selection. When exposed to noise, crabs approached the shell faster, spent less time investigating it, and entered it faster. Our results demonstrate that changes in the acoustic environment affect the behaviour of hermit crabs by modifying the selection process of a vital resource. This is all the more remarkable given that the known cues used in shell selection involve chemical, visual and tactile sensory channels. Thus, our study provides rare evidence for a cross-modal impact of noise pollution.
Introduction
Anthropogenic noise is omnipresent in both aquatic and terrestrial habitats and has become a global pollutant affecting species across the phylogenetic tree (e.g. [1, 2] ). However, our understanding of how novel selection pressures, such as anthropogenic noise, affect animals' ability to assess vital resources is unknown.
Across the animal kingdom, the assessment of resources, such as territories, mates and food, is of critical importance, with cues used that correlate with expected gains in fitness, and result in adaptive motivational change [3, 4] . Human-induced environmental changes may affect the ability of individuals to gather all the information necessary to assess vital resources.
Hermit crabs engage in a complex assessment process when selecting a vital resource, their shell, which provides protection from predators, desiccation, and extremes of salinity [5] . The assessment crabs carry out on shells involves information-processing and decision-making, occurring in discrete stages [6] . Thus, relevant information must be filtered from the environment, a process known as attention [7] . Shell selection requires sustained attention to make a decision, as the quality of the chosen shell has direct fitness consequences for the individual [6, 8] . If species rely on perceiving information to assess vital resources, changes in the acoustic environment through noise pollution could have far-reaching consequences by affecting fitness-relevant information-gathering and decision-making.
Here we test whether anthropogenic noise affects the acquisition of a vital resource. Noise pollution research has focused primarily on species that use acoustic signals. However, there is some evidence that invertebrates that do not rely on acoustic signals are also affected by noise [9] . Sound consists of two components: particle motion and sound pressure, both of which can provide information to individuals [10] . Decapods, such as hermit crabs, appear to perceive particle motion only, but are capable of perceiving sound within the range of those produced by anthropogenic activities [11, 12] . Using playback experiments, we manipulated the acoustic environment of hermit crabs by exposing them to either anthropogenic noise, or a control during shell selection. We predicted that individuals exposed to noise would adjust their assessment and decision-making processes in response to changes in the acoustic environment.
Material and methods
Hermit crabs (Pagurus bernhardus) were collected from rock pools and removed from their shells using a bench-vice (for details see electronic supplementary material). To ensure standardized high levels of motivation for shell acquisition, we provided individuals with a non-preferred Gibbula cineraria shell, 50% of the weight of each individual's relative ideal shell weight [5] .
To create different acoustic environments, the experiment consisted of one of two 30 min treatments: anthropogenic noise, or a control (for details see electronic supplementary material and figure S1). A crystallizing dish, 17 cm in diameter, was used as an arena. Before each trial the arena was filled with fresh, 128C seawater to a depth of 7.5 cm. Crabs were randomly assigned to either the control (N ¼ 31) or the noise (N ¼ 33) treatment. Each subject's ideal shell of relatively preferred weight and species (Littorina obtusata) [5] was placed on one randomly allocated side of the arena and the focal individual on the other.
To allow crabs to recover from handling, they were held within an upturned glass container for 5 min prior to the start of the treatment, following which the glass was removed, the playback started and the trial began. A trial ended when an individual either moved away in the new 100% shell, or having rejected it, remained in the 50% shell [3] . If crabs did not investigate the shell, or make a decision, the trial was ended after 30 min. We measured the following response variables:
(i) latency to contact shell (s), (ii) investigation (s), i.e. time shell is investigated before abandoning 50% shell and entering 100%, or aborting further shell investigation, (iii) latency to enter shell (s), i.e. total time from the start of the experiment to leaving the 50% shell, (iv) final decision (yes/no), i.e. reject or accept 100% shell, and (v) latency to final decision (s). In four cases crabs did not investigate the offered 100% shell within 30 min [3, 13] and were thus excluded from further analysis.
Since data did not fulfil the assumptions of parametric tests we used Mann -Whitney U tests throughout, unless stated otherwise. Sixty-four individuals were included in all analyses, with the exception of 'latency to enter shell', where 10 individuals who did not enter the presented 100% shell could not be included. All analyses were carried out in RStudio v. 0.99 [14] ; data are available as electronic supplementary material.
Results
Latency to shell contact was shorter during noise than in the control exposure (N Noise ¼ 33, N Control ¼ 31, U ¼ 749, p 0.001; figure 1a ). Crabs exposed to noise also spent less time investigating shells than those exposed to the silent control (N Noise ¼ 33, N Control ¼ 31, U ¼ 710, p ¼ 0.0076; figure 1b). The time it took crabs to enter the preferred shell was shorter during noise than during the control playback (N Noise ¼ 25, figure 1c ). Latency to final decision was shorter during the noise than during the control playback (N Noise ¼ 33, figure 1d) . Out of the 31 crabs in the control treatment, 28 took the optimal shell, i.e. made the 'correct' choice, whereas out of the 33 crabs in the noise treatment, only 24 took the optimal shell (chi-squared test: rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170098
Discussion
Our results demonstrate that anthropogenic noise alters an animal's assessment of a vital resource. Experimental exposure to noise shortened the shell assessment process, with crabs approaching the shell faster, spending less time investigating it, and entering it faster. When exposed to noise, crabs approached the shell faster, spent less time investigating it, and entered it faster. Thus, the changed acoustic environment had a clear effect on the behaviour of hermit crabs. It is interesting to note that noise affected hermit crabs across sensory modalities; thus our study provides rare evidence for a cross-modal impact of noise pollution [9, 15] . Hermit crabs use chemical, visual and tactile information to assess shells [5, 16, 17] . As changes in the acoustic environment do not affect any of these sensory modalities directly, it is unlikely that the differences in behaviour between the two treatments result from direct influences on these sensory channels.
There are several non-mutually exclusive hypotheses regarding how noise may affect assessment and thereby shorten the shell selection process: noise may affect cognitive processing [18] , cause stress [19] , and/or mask sound [20] , all of which could affect shell selection simultaneously. However, as an empty gastropod shell does not emit sound per se, masking by noise would likely have no effect on shell selection. In contrast, changes in the acoustic environment may affect attention, as individuals can only process a finite amount of information simultaneously [21] .
During the assessment of a new shell, individuals have to divide their attention between at least two different processes: the assessment of the shell and vigilance for potential predators, as individuals are highly vulnerable during shell exchange [5] . Thus, a novel stimulus such as noise may force individuals to reallocate their attention [22] . Such reallocation of an individual's finite attention has been demonstrated in Caribbean hermit crabs when responding to an approaching threat [23] . Our results are also consistent with noise increasing motivation [8] to gain the resource. For example, individuals may be interpreting noise as a threatening stimulus, such as a predator [24] , increasing their motivation to gain a shell offering increased protection.
Generally, care must be taken when extrapolating results from short-term tank-based experiments to meaningful implications for individuals living in the wild, because underwater acoustics are complex (e.g. [25, 26] ) and noise levels in tanks may be higher than those experienced in nature. However, experimental studies in a controlled environment provide a starting point to examine effects of anthropogenic noise, which have only recently been acknowledged, paving the way for future studies in real world scenarios. Moreover, in the marine environment noise is often chronic [27] and it remains to be investigated whether species can habituate and become tolerant to repeated, or chronic noise exposure. More broadly, theoretical simulations have demonstrated that noise does not necessarily impair information assessment [28] and could offer a source of public information for eavesdroppers [29] . Responses to anthropogenic noise are complex [24] , depending on the biology of the species. The extent to which these responses impact fitness, either positively or negatively, remains to be understood.
In conclusion, our study provides evidence that changes in the acoustic environment affect the acquisition of a fitness determining resource, as survival, growth, and reproduction of hermit crabs depend on the occupancy of shells of appropriate size and shape (e.g. [30] ). Notably, despite the known cues used in shell selection not being directly affected by changes in the acoustic environment, noise still affects a fitness-relevant process, offering an example of a cross-modal impact. Moreover, this work contributes to the small, but increasing body of evidence that it is not only vertebrates which are affected by noise, but also invertebrates [31] .
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